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THE SO-CALLED "BUILD-UP" AND "BREAK-
DOWN" OF SOIL ZEOLITES AS INFLUENCED

BY REACTION*

BY P. S. BURGESS

INTRODUCTION

Many years ago the eminent Russian soil scientist, Gedroiz, made the
statement, "The absorbing soil complex is the most essential portion of
any soil, which is closely connected both with the other portion of the
solid phase and with the soil solution as well, and is able more than any
other portion of soil to provide us with information regarding that soil/7

Hence, any knowledge which may be gleaned from a careful study of
this zeolitic fraction should be of decided value in furthering our under-
standing of the more complex chemical and physical factors which so
directly affect the fertility of all arable soils.

Up to the present time it has been quite generally taken for granted by
soils investigators that the zeolitic portion of soils is largely static, i.e.,
that the base-exchange capacity of soils varies but little, if at all, from
year to year and from decade to decade. It has been assumed that the
base-exchange complex has been formed in soils over enormous periods
of time by the slow weathering and hydration of certain soil minerals
(chiefly feldspars) and that the amounts now present are as much an un-
alterable, integral part of a soil as is its content of silt or sand. Probably
the Russian scientist, Tiurin, (16) expresses the consensus of opinion
when he says, "The absorptive capacity is a constant quantity for a given
soil, and therefore, its magnitude is essentially a characteristic of that
soil." There are, however, a number of instances recorded in the volumi-
nous literature of this subject which indicate that, under certain natural
and artificial conditions, the zeolitic fraction of soils may undergo quite
radical quantitative as well as qualitative changes.

The most comprehensive paper, dealing with the subject of zeolite de-
composition, was presented by Gedroiz (7) in 1924. In studying the
effect of the hydrogen ion on base-exchange processes in soils, he drew
the following conclusions : Attempts to carry out replacement with weak

*A portion of the data submitted in this bulletin was presented at the Annual
Meeting of the Western Society of Soil Science held at Riverside, California, on
June 12, 1928.
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acids (carbonic, acetic, etc.) were unsuccessful, for the hydrogen replaced
the absorbed bases but slightly, and large amounts of solution were re-
quired. "And as a result of the very large quantity of liquid acting upon
the soil and the long time necessary for complete replacement, a strong
decomposition of the absorbing soil-complex took place. When the com-
plex is saturated with hydrogen ions, or largely so, the degree of dis-
persion is greatly increased, and its resistance to the decomposing effect
of water is greatly lowered which may result in the disintegration of the
anion portion of the complex into its constituent oxides" "The
alumo-silicate nucleus combined with hydrogen as a complex acid, is
very weak. It must be, in a free condition, a very unstable compound.
Its complex anion must easily fall apart in water, at least partially, into
its component oxides. It is, therefore, necessary to recognize that the
exchange of absorbed calcium and magnesium in the soil by the hydrogen
ion brings about not only an increased washing-out of the alumo-silicate
absorbing complex, as a result of the decomposing action of the hydrogen
ion as such, but also increases the decomposition of its nucleus into its
constituent oxides* It is also possible that the latter is due to the condi-
tion of its dispersion." Also, in discussing the podsolizing of soils,
Gedroiz gives, as an important step in the process, "a gradual impoverish-
ment in the soil of the absorbing complex, since in the presence of hydro-
gen as an absorbed cation, it is actively dissolved out by water whereby
its mineral part is, at least partly, decomposed by water, the products
obtained being silicic acid, aluminum and iron hydroxides, and humic
substances saturated with hydrogen."

Since the degree of dispersion also apparently plays a part in the sta-
bility of the alumino-silicate nucleus, Tiurin (16) believes that the pres-
ence, in replaceable form, of any of the mono-valent cations, which re-
sults in increased dispersion, may cause zeolite "break-down." He states
that the marked accumulation of amorphous silicic acid in certain alkali
soils is a result of the destruction of the absorptive complex saturated
with sodium. He also states, "In the replacement of bases by hydrogen
ion, no complete equivalence in the exchange reaction is observed owing
to a partial destruction and removal of the alumino-silicate and humate
part of the absorptive complex; the quantity of the absorbed hydrogen
ion is always somewhat smaller than that of the absorbed bases expelled;
this is witnessed by the accumulation in some cases of the free hydrate of
aluminum in podsol soils."

Recently two writers (12) have interestingly discussed the degree of
stability of the base-exchange complex. They state, "This property

^Italics mine.
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(stability) depends not only on the cation but also on the acid portion
with which the cation is bound. It is very probable that there exists in
the soil, acid groups which form with the. same cation some compounds
of different stability. The saturation of a soil with a base takes place
gradually. At first the very acid groups of the soil become saturated
and form very solid (stable) compounds. By subsequent saturation
with a base, less acid groups come into action and form with the bases
less solid substances which readily decompose. If the soil contains some
cations of different reactive power, then competition takes place at first
for the formation of the compounds with the less acid groups where the
cation is bound less strongly, and only later for the more solidly fixed
cations. In the case of hydrolysis, the first to decompose are the unstable
compounds, formed with the cations during the highest state of satura-
tion. This means that the higher the amount of any replaceable cation
in the colloidal complex, the stronger the degree of hydrolysis." In dis-
cussing the effects on the zeolitic complex of increasing the proportion
of water to soil, the authors show that the amounts of SiO2 in the soil
extracts increase with increase in water additions and, as a result of
this and other data presented, conclude "that the influence of the water
leads to the decomposition of the alumino-silicate nucleus of the colloidal
complex."

Other references might be cited which indicate, in a somewhat abstract
way, the loss or lessening of base-exchange capacity in soils subjected to
various treatments as heat, acid digestion, or long continued leaching
with water, although no explanations are attempted.

On the other hand, it has been suggested by several investigators that
the absorptive capacity actually may be increased or built up rather rap-
idly under certain conditions. In connection with studies on the so-
called "hydrolytic acidity" of soils, Askinasi (1) shows that soils treated
with alkalis or with salt solutions which hydrolize to give alkaline reac-
tions, not only show higher degrees of acidity than where neutral salt
solutions are used, but soils thus treated are capable of additionally ab-
sorbing bases from such solutions, such action apparently proceeding
without a further exchange of absorbed bases (or hydrogen). Bases
thus "additionally absorbed" are then capable of an equivalent exchange
with other bases of neutral salt solutions; thus the total exchange capa-
city is actually increased. He states, "The highest increase of the capa-
city of absorption is observed when soil is subjected to the effects of
alkalis, e.g. of 0.1'N Ba(OH)2 ," and he shows that soils thus treated
are more dispersed after a replacement of the barium with sodium than
is the original soil if directly saturated with sodium from a neutral salt.
In discussing this enhanced exchange capacity, Askinasi considers that
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it may due to "hydrolytic acidity" per se, i.e., to the presence of absorbed
hydrogen ions capable of being replaced only by alkaline solutions, al-
though the possibility of the actual formation of new zeolite is not de-
nied. This author also has shown that the absorptive capacity of a soil
is absolutely constant only at constant pH; increases in alkalinity tending
to increase the exchange capacity and increases in acidity tending
to decrease it. Tiulin* also has shown an increase in total exchange ca-
pacity following calcium-carbonate additions to certain soils. The pH
in this case obviously would be above 8.

In discussing the origin of the zeolitic part of soils, Gedroiz mentions
two possible modes of formation. First: the gradual weathering of the
mineral part of the soil under the influence of mechanical, chemical and
biological factors. The zeolites thus formed he calls the "primary ab-
sorbing complex." Second: the pulverization of the mineral grains to
such a fine state of colloidal subdivision that surface-energy forces begin
to play an important part. Such dispersed particles will carry different
electrical charges—the particles made up largely of silica being negative
and those of aluminum or iron hydroxides being positive. Such products
of different charge when coming into contact will flocculate each other,
or unite, to form colloidal mineral complexes. At the exact points of
contact between the surface molecules of the particles of silicic acid and
aluminum or iron hydroxides a chemical reaction is thought to take
place with the formation of definite chemical compounds which link the
particles together to form absorption complexes possessing all of the
known properties of zeolites. Gedroiz (7) calls such absorption com-
pounds the "secondary absorbing complex" of soils, and states that it
should be sharply distinguished from the first or "primary complex" by
being less stable, i.e., more easily decomposable into its constituent parts.
In summing up his work on the origin of the exchange complex in soils
he says:

"The soil-absorbing complex originates in nature by both processes;
as a result of the weathering of the solid particles of the mother rock and
organic matter, and as a result of new formation. The relative intensity
of both processes is different in different soils and in different horizons
of the same soil. The process of new formation may take place in a
sufficiently intensive manner only in those soils and in those soil horizons
where conditions are favorable for the introduction of colloidal solutions
and their mutual flocculation."

For the past 4 years this laboratory has devoted considerable of its
time to a study of the occurrance, preparation, and properties of those

^Quoted by Tiurin (16) p. 25.
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hydrated aluminum silicates (zeolites) which are characterized by the
phenomenon of base-exchange, and which form a portion of the clay
fraction of all soils. It has been shown (13) that sodium silicate and
sodium aluminate are usually present in the soil solutions of highly alka-
line (black alkali) soils and that they unite chemically, under certain
conditions, to form a hydrated aluminum silicate possessed of active
base-exchange properties. From a careful study of artificial zeolites,
synthesized in alkaline solutions by using different proportions of sodium
silicate and sodium aluminate, it is thought that the same zeolite, Natro-
lite, is formed in each case (4) ; that by replacement with Ca, Scolecite
is formed; that by replacing with Ba, Edingtonite results and so on, the
Natrolite nucleus remaining constant. Kerr (8), after making a num-
ber of mineralogical analyses of soils, came to the conclusion that Le-
verrierite (CaO A12O3 3 SiO2 2 H 2O), the active constituent in Benton-
ite, is probably widely distributed in soils. It is interesting to note that
our synthesized Scolecite [2(CaO A12O3 3 SiO2) 6H2O] is of the same
quantitative composition, a molecule of the latter simply being twice the
size of the Leverrierite molecule, the proportion of Al to Si (2 to 3)
remaining constant in both cases.* Clarke (6) has advanced the opinion
that "zeolitic water is extraneous to the silicate molecule" and that the
amount found depends largely upon the drying temperatures used, up to
red heat. For this reason a difference of two molecules of water in the
two zeolites under consideration is probably of little moment. While it
is impossible to isolate pure zeolites from the clay fraction of soils by
methods now known, it is possible to form "new" zeolites within soils
from their soluble constituents, thus increasing the latter's base-exchange
capacity almost at will, and, from the work of this laboratory, we see no
reason for believing that the "new" zeolite and the "old" zeolite previ-
ously existing in the soil, are necessarily greatly different, either physi-
cally or chemically. Statements are made to the effect that the newer
zeolite which has been more recently formed in soils as a result of "build-
up" is less stable, is more readily hydrolyzed, is more soluble in water
and acids, etc. As no pure zeolites have ever been isolated from the clay
fraction of soils, direct comparisons so far have been impossible, and
we are at present largely governed by opinion. In fact, the little evidence
at hand appears to be in favor of a similar composition for both the arti-
ficial zeolites and the natural substances rather than otherwise. If this

*Since this bulletin was written, another article has appeared by Kerr (9) in
which apparently he has changed his mind as to the chemical composition of the
"active constituent of the clay-like material Bentonite." It is now R2 AI2O3 6SiO2
8H2O, but as he was formerly in agreement with a majority of the workers in this
field, this latter formula cannot be taken too seriously as representing the "predomi-
nant if not the only mineral in the inorganic exchange complex of soils."
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is the case, conclusions drawn from experimental studies with synthe-
sized products should be, at least in part, applicable to those base-ex-
change compounds found in soils.

In synthesizing artificial zeolites and in working with soils, the author
observed more than 2 years ago that reaction (pH) played a very im-
portant part in the yield of zeolite secured, and in the final base-exchange
capacity of the soil under experiment. Increasing alkalinities, up to a
certain point, enhanced both, while acidity (below about pH 6.5) rap-
idly worked in the opposite direction. The following sentences appear
in Technical Bulletin No. 15 of the Arizona Agricultural Experiment
Station, "It thus appears that merely an increase in the OH-ion concen-
tration of the soil solution, followed by drying out in the air, will in-
crease slightly the zeolite content of certain soils. At least an increase
in the amount of bases capable of ready replacement thereafter is
shown." Also, "Our titrations show that, at reactions below pH 5.0, the
zeolitic complex progressively breaks down into its components, of
which AlClg is one" ( H O was used as the source of acidity).

Some months after this work was done, Magistad came to this labora-
tory and worked out a comprehensive piece of research (10) which
showed that salts of the trivalent metals, as Al, Fe, and Cr; which hydro-
lyze to give acid solutions, released the replaceable bases from artificial
zeolites and from soils if treated with these solutions, but did not them-
selves take the places of these bases in the zeolite molecule, nor was a
hydrogen zeolite formed. Analyses of the zeolitic residues showed no
chemical addition of the trivalent base. Furthermore, and most im-
portant to our present discussion, the zeolites treated with the aluminum
or ferric-salt solutions until all of the previously held exchangeable
bases had been removed, lost all base-exchange capacity when again
treated with neutral mono- or di-valent salt solutions. In other words,
the zeolites had been inactivated or "killed" by the acid, trivalent-salt-
solution treatments, and little or no substitution of any base thereafter
was possible using neutral solutions. This showed that there is no such
thing as replaceable aluminum or ferric iron, and, by referring to the
structural formula assigned to Scolecite,* which is shown in Figure 1, it
will be seen that there is no place in this molecule where a ready substitu-
tion of a trivalent ion can be made. The exact medhanism of this "break-
down" reaction is not known, although it appears that the aluminum or
ferric iron plays an important role for, if two portions of the same soil
are treated, one with a tenth-normal solution of aluminum chloride and
the other with a solution of hydrochloric acid of equivalent acid strength,
the zeolites present in the first sample are inactivated, while those in the

*Clarke, loc. cit.
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second sample are largely changed to hydrogen zeolite and lose their
base-exchange properties to but a slight degree. In fact, even where
fairly strong acid solutions are used, inactivation is not complete unless
the zeolite is actuallv dissolved and removed.

o-

o o^ ^ '

*SCOLECITE 2 (CAO. AL9Q_. 3 S1OJ6HLO
tNATROLITE 2 (NA O. A L O . 3 SiO9)6 Ho0

Fig. 1.—Probable formulae of Scolecite and Natrolite.

Soon after the "break-down," or inactivation, of artificial and of
natural-soil zeolites by acid, trivalent-salt solutions had been noticed, we
found that a considerable portion of the original base-exchange capacity
could be restored by treating the inactivated zeolitic residue with alkali
solutions (as NaOH or KOH) , or with alkaline solutions of CaCl2

 o r

MgCl2, or with CaCO3. As an outcome of these preliminary tests, it was
decided to make a more careful study of the effects of reaction upon the
"build-up" and "break-down" of both artificial and natural-soil zeolites.
This bulletin presents the results secured. The experimental data first
will be presented, followed by a brief discussion of the more important
conclusions which they indicate.

EXPERIMENTAL

Before taking up the several experiments, a brief outline of the meth-
ods employed and a description of the soils used will save repetition, for
they are common to all.
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Where shaking was employed, 900 cc. shaker bottles were used in an
end-over-end shaking machine running at a speed of 9 or 10 r.p.m.

After shaking the soils in the different solutions, they were filtered
through paper on a battery of small Buchner funnels with suction, and
washed once with 50 cc. of the solutions originally used. They were then
allowed to dry in the funnels at room temperatures when they were
easily and completely separated from the niter papers and passed through
a 1-mm. sieve.

Percolations were always carried on by leaching the soils in Pyrex-
glass percolation tubes 24 cm. long, 3 cm. in diameter and carrying a
stem 9 cm. long (Fig. 2). By using the rack as illustrated, no time on
the part of the operator was required during leaching. Where replace-
able Ca was determined in calcareous soils, 0.1N BaCl2 in 68-percent
ethyl alcohol usually was used as the replacing solution (11), otherwise
0.1N BaCl2 in water was employed. The Ba was precipitated as the in-
soluble chromate and Ca determined in the clear supernatent solution by
the soap-titration method (3). Replaced hydrogen usually was deter-
mined in aqueous BaAc2 percolates by titrating against 0.1N or 0.05N
NaOH.

K

Fig. 2.—Apparatus used in percolation experiments.

Three soils furnished the material for most of the experimental work
hereinafter reported. The first of these is called the "Killed soil." It is
a sandy loam soil from the old University of Arizona Farm and was
treated as follows: about 8 kg. was leached twice with just sufficient dil.
HC1 to remove most of the CaCO3 present. It was then treated several
times with a 5-percent solution of A1C13.12H2O, filtering after each
treatment on a large earthenware Buchner filter with suction. It was
finally washed free from chlorides with distilled water, air-dried and
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passed through a 1-mni. sieve. The soil now showed a pH of 4.5, and
carried 0.12 M.E. replaceable base per 100 grams.*

The second soil is called the "Calcium-zeolite soil." It was the same
originally as the one above described but, after bringing it to the labora-
tory from the field, it was treated 3 times with dil. HCl to remove all
carbonates, then leached with a 5-percent solution of CaCl2 until all
zeolites had been converted into the Ca derivative. Subsequently it was
washed free from chlorides with distilled water, air-dried and sifted
through a 1-mm. sieve. This modiled soil now gave a pH of 6.5 and
showed a replaceable base content of 6.5 M.E. per 100 g.

The third soil was secured from Field Plot 84 of the Rhode Island
Agricultural Experiment Station. This soil has received no fertilizers or
soil amendments of any kind for the last 40 years. At the present time
nothing grows on it but mosses and a few acid-soil-resistant weeds and
grasses. Some years ago it was laid down to sod but the hay never has
paid for the cutting. It is a very old, granitic, silt-loam soil of pH 4.6
and carries from 8 to 12 p.p.m. of water-soluble aluminum in its soil
solution. It contains 7.4 M.E. of replaceable hydrogen and but traces of
replaceable Ca and Mg. From the point of view of the base-exchange
complex, it is probably as nearly a naturally "killed" soil as one could
easily find.

EXPERIMENT NO. 1. BUILDING UP THE BASE-EXCHANGE CAPAC-
CITY OF AN ARTIFICIALLY "KILLED" SOIL BY

INCREASING ALKALINITIES

The object of this experiment was to show that, where the zeolitic
fraction of a soil had been inactivated by treating it with a solution of
A1C13, it could be rejuvenated, or restored to its former base-exchange
capacity, by treating it with alkaline solutions, and that the "build-up"
was roughly proportional to the OH-ion concentration (pH) of the solu-
tions used. The University Farm "killed soil" was employed. As we
wished to secure fairly uniform steps of 0.6 to 0.8 of a pH unit between
pH 4.5 and pH 10.0, 2 g. of the soil in 10 cc. of CO2-f ree distilled water
was first titrated on the hydrogen electrode against 0.1N NaOH. Using
these results as approximations, 100-g. portions of the soil were shaken
for 12 hours with 500-cc. portions of water containing the amounts of
0.1'N NaOH shown in column 2 of Table I. After shaking, the sus-
pensions gave the pH readings recorded in column 3. They were then
filtered as described above, washed once with 50 cc. aliquots of the same
solutions, air dried, and returned to the original bottles in which they
were shaken for 4 hours with 500-cc. portions of 0.1N CaCl2 to convert

^Before treatment this soil gave a pII reading of 8.6 and carried 8.2 M.E. of
replaceable base per 100 g.
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all of the re-formed sodium zeolite into the calcium derivative. The
soil suspensions were again filtered, percolated once with 250 cc. of the
CaCl2 solution, and then washed free from soluble Cl with CO2-free dis-
tilled water, air dried, sifted through a 1-mm. sieve, and placed in per-
colation tubes. Replaceable Ca was determined as outlined above, using
a O.IN aqueous solution of BaCl2 as the replacing agent. The results
secured appear in the last two columns of Table I, and are plotted as
Graph No. 1 in figure 3. While the data have not been treated mathe-
matically, they show very plainly that the degree of "build-up" is ap-
proximately proportional to the amount of O.IN NaOH used. Sodium
zeolite is, without doubt, the base-exchange compound first formed. In
this experiment two variables are present which might affect its forma-
tion, the OH-ion concentration and the Na-ion concentration. In order
to determine which of these was the more important, another experi-
ment was performed in which the OH-ion concentration alone was va-
ried. This was accomplished as follows: One-hundred-gram portions of
the same "killed soil" were shaken 1 hour each day for 12 days with

TABLE I.—THE EFFECT OF INCREASING CONCENTRATIONS OF
NaOH ON THE "BUILD-UP" OF ARTIFICIALLY

"KILLED" SOIL ZEOLITES.
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500 cc. of water containing the amounts of 0.1 N NaOH and 0.1N NaCl
as shown in Table II, columns 2 and 3. It will be noted that the same
Na-ion concentration was maintained throughout, the OH-ion concen-
trations alone varying. After shaking, the pH readings on the sus-
pensions were taken as in the preceding series, after which they were
filtered, shaken with 0.1N CaCl2, washed, placed in percolation tubes,
and the replaceable Ca determined. The results secured appear in Table
II, and are plotted as Graph No. 2 in figure 3.
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Fig. 3.—Increases in the base-exchange capacity of a "killed" soil as alkalinities
are increased.

Another experiment, in which the reaction of the system was kept
constant at pH 7.0, showed but a very slightly augmented base-exchange
capacity of the soil when the Na-ion concentrations of the percolating
solutions were progressively increased by the addition of NaCl. From
these data, it appears that the OH-ion concentration rather than the
Na-ion concentration of the soil solution is the more important factor in
determining the zeolite content of a soil in which the base-exchange
complex has suffered degradation.
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TABLE III—THE EFFECT OF INCREASING CONCENTRATIONS OF
NaOH ON THE "BUILD-UP" OF NATURALLY "KILLED"

SOIL ZEOLITES.
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TABLE IV.—THE EFFECT OF OH-ION CONCENTRATION ONLY ON
THE "BUILD-UP" OF NATURALLY "KILLED" SOIL ZEOLITES.
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5 cc. of each carried exactly 4 mg. Ca. The pH of mixtures of these
two solutions were then determined colorimetrically so that steps of
approximately 0.6 of pH unit might be secured between pH 7 and pH
12. With this information at hand, 1-g. portions of the "killed" zeolite
were shaken for 12 hours with 250 cc. of the mixed solutions as shown
in Table V.

TABLE V.—THE EFFECT OF INCREASED OH-ION CONCENTRATIONS
ON THE "BUILD-UP" OF AN INACTIVATED

SYNTHETIC CALCIUM ZEOLITE.
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From these data it will be seen that the Ca-ion concentration and the
total volume of the solutions remained constant, while the OH-ion con-
centration varied as indicated by the pH measurements given in columns
4 and 5 of Table V. Analysis showed that the inactivated zeolite re-
quired approximately 80 mg. Ca per gram to completely build it up to
its former composition (CaO=14.8 percent of original calcium zeolite),
and in each solution exactly 200 mg. Ca were present. Carbon dioxide
was kept out of the suspensions in so far as it was possible. After shak-
ing the solutions containing portions of the inactivated zeolite for 24
hours, they were filtered with suction through alundum crucibles, washed
with fresh portions of the same solutions, finally washed practically free
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from soluble Ca with carbon-dioxide-free distilled water and the "build-
up" measured by the amounts of Ca replaced by a 0.1N solution of
RaCl2. All of these data appear in Table V and in the graph shown in
figure 5.* Twenty-six percent of the zeolite's original base-exchange
capacity was regained by the most alkaline salt treatment employed.
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Fig. 5.—Increases in the base-exchange capacity of a "killed" synthetic, zeolite as
alkalinities are increased.

*Later experiments indicated that more "build-up" would have been obtained
had the shaking been continued over a longer period and fresh solutions periodically
introduced.
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EXPERIMENT NO. 4. "BUILD-UP" WITH NaOH AND HCl AND WITH
NaOH AND CH8CO2H.

Two portions of SO g. each of the University Farm "killed soil" were
shaken for 12 hours with 250-cc. portions of normal NaOH. The sus-
pensions were then exactly neutralized with normal HCl and shaken for
2 hours more. They were then filtered on Buchner funnels with suction,
washed free from chlorides, shaken several times with 5-percent CaCl2

solution to convert all zeolites to the Ca derivative, and again washed
free from chlorides. The soils were then dried at room temperatures,
passed through a 1-mm. sieve, placed in percolation tubes, percolated
with 0.1N BaCl2 and replaceable Ca determined.

The results were as follows :

Original soil contained 8.3 M.E. rep. base per 100 g.
Original soil after inactivation contained 0.5 M.E. rep. base per 100 g.
"Killed soil"after alkali treatment contained 11.7 M.E. rep. base per 100 g.

As a further check on the enhanced exchange capacity, the soils were
leached free from water soluble chlorides, and replaceable Ba determined
by leaching with N NH4Cl solution. Twelve M.E. of Ba were found
as compared with 11.7 M.E. of Ca. There was thus a gain over the
"killed soil" of 11.2 M.E. replaceable base per 100 g. soil which appar-
ently was brought about by the treatment above described. It will also
be noticed that the alkali-treated soil showed a higher replacement ca-
pacity by 3.5 M.E. per 100 g. soil than did the original, calcareous soil
as taken from the field.

The experiment just described was repeated using a slightly different
procedure. Two 50-gram portions of the Rhode Island soil and two
similar portions of the "killed soil" were shaken approximately 7 hours
each day for one week in 250-cc. portions of 2N NaOH. These suspen-
sions were then exactly neutralized (pH 7) with acetic acid, shaken 3
hours more, filtered through Buchner funnels with suction, washed two or
three times with water, and then repeatedly with 0.5'N CaCl2 to convert
all sodium zeolite into the calcium derivative. The soils were finally wash-
ed free from water-soluble chlorides and dried on the funnels at room
temperatures. They were then separated from the filter papers and passed
through a 1-mm. sieve. Twenty-five-gram portions of each soil were
placed in glass percolation tubes and the exchangeable Ca replaced with
D.1N BaCl2 and determined. The results secured were as follows:

R. I. soil (average) =14.0 M.E. Ca per 100 g. soil
"Killed soil" (average)-=16.2 M.E. Ca per 100 g. soil

The soils were then leached free of water-soluble chlorides and the



118 TECHNICAL BULLETIN No. 28

absorbed Ba replaced with 0.05N HCl and determined with the follow-
ing results:

R. I. soil (average) =-14.2 M.E, Ba per 100 g. soil.
"Killed soil" (average)=16.8 M.E. Ba per 100 g. soil.

As will be seen, the base-exchange capacities of these soils have been
greatly enhanced by the prolonged alkali and salt treatments.

EXPERIMENT NO. 5. "BUILD-UP" USING NaOH ALONE
Two portions of 50 g. each of the University Farm "calcium-zeolite

soil" were shaken for 12 hours with 250-cc. portions of normal NaOH
solution. These were filtered with suction and washed several times
with water until almost free from alkalinity. A trace of alkalinity to
phenolphthalein persisted. They were then leached several times with
a 5-percent solution of CaCl2 and finally washed free from water soluble
chlorides. The soils were then air dried, sifted through a 1-mm. sieve,
placed in percolation tubes, and replaceable Ca determined as in Experi-
ment No. 4. The results were as follows:

"Ca-zeolite soil" before treatment contained 6.5 M.E. Ca per 100 g.
"Ca-zeolite soil"after treatment contained 11.7 M.E. Ca per 100 g.
As a check on the exchange capacity, replaceable Ba was determined

on these soils as in the preceding experiment, and 11.7 M.E. Ba per
100 g. was found. We thus see that the base-exchange capacity of this
soil has been almost doubled by simply treating it with a normal solution
of NaOH.

EXPERIMENT NO. 6. "BUILD-UP" WITH BARIUM ACETATE AND
ALKALINE CALCIUM CHLORIDE SOLUTIONS

Four 25-gram portions of the "killed soil" were placed in percolation
tubes and each percolated with 250 cc. neutral 0.5N barium acetate solu-
tion to ascertain whether this hydrolytically alkaline salt solution could
effect a "build-up" of zeolite in this inactivated soil. Two of the above
soils were treated with the barium acetate solution a second time. All
were then washed practically free from water-soluble Ba and the ab-
sorbed Ba replaced with a 0.5N solution of CaCl2. Those soils which
had received one treatment of barium acetate gave 7.3 M.E. replaceable
Ba per 100 g. soil and those which had received two treatments gave
8.2 M.E. A trace only of replaceable hydrogen was found in the original
barium acetate percolates. Thus we note an increase in base exchange
capacity of between 7 and 8 M.E1. per 100 g. soil, brought about by the
barium acetate percolation treatments.

The soils were then washed free from water soluble chlorides, trans-
ferred to a soil agitator (specially constructed motor-driven malted-
milk shaker) and each agitated for 10 minutes in a mixed solution com-
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posed of 100 cc. 0.5N CaCl2 and 150 cc. of a saturated solution of
Ca(OH)2 . The suspensions were then filtered on Buchner funnels with
suction, washed several times with 0.5N CaCl2 and then washed free of
water soluble chlorides, dried, passed through a 1-mm. sieve, placed
again in percolation tubes, and the absorbed Ca replaced with 0.5N
barium acetate solution. The amounts of replaceable Ca in the four
soils varied from 9.8 to 10.1 M.E. It is thus evident that approximately
2 M. E. of base-exchange capacity had further been added to these soils
by the basic calcium-salt treatments.

EXPERIMENT NO. 7. "BUILD-UP" USING Ba(OH)2

Askinasi (1) states that the highest increase in capacity of absorption
was observed where he used 0.1N Ba(OH) 2 . Therefore it was decided
to try this base in our experiments.

Two 25-gram portions of the Rhode Island soil and two similar por-
tions of the "killed soil" were placed in percolation tubes after 1 g. pre-
cipitated CaCO3 had been thoroughly incorporated with one of each.
Each tube was then percolated once with 250 cc. of a 0.1N solution of
Ba(OH)2 ,* after which all were washed practically free from water-
soluble Ba and alkalinity (25 to 30 250-cc. percolations were required).
The soils then were percolated with 500 cc. 0.5N CaCl2 and washed free
from soluble chlorides after which the Ca was replaced with 0.2N
barium acetate in alcohol and determined. Where CaCO3 had been
added, blanks were subtracted for the slight solubility of this salt in the
alcoholic solutions. The results were as follows:

R. I. soil = 21.7 M.E. replaceable Ca per 100 g. soil
R. I. soil + CaCO3 = 20.0 M.E. replaceable Ca per 100 g. soil
"Killed soil" = 9.3 M.E. replaceable Ca per 100 g. soil
"Killed soil" + CaCO3 = 10.4 M.E. replaceable Ca per 100 g. soil

As the original Rhode Island soil carried but 7.4 M.E. replaceable base
(H) per 100 g. soil and the "killed soil" very much less, a decided
"build-up" appears to have taken place in the presence of the Ba(OH) 2 .
Additions of the weaker base, CaCO3, apparently had no effect where
Ba(OH) 2 also was used.

It is not surprising that Ba(OH) 2 should build up zeolites in a vigor-
ous manner, for a tenth-normal solution is ionized to the extent of 77
percent, and further, Ba possesses a high energy of replacement.

EXPERIMENT NO. 8. "BUILD-UP" WITH CaCl2 IN THE PRESENCE
OF CaCO3

Two 25-gram portions of the "killed soil" were placed in percolation
tubes and leached with 0.2N barium acetate solution to free from traces

*The pH of the Ba(OH)2 solution used was 12.7.
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of acidity. The soils then were washed practically free from soluble
Ba, dried, mixed thoroughly with one gram of precipitated calcium car-
bonate, returned to the tubes, and percolated with O.SN CaCl2 solution
until all of the Ba was replaced. An average of the closely-agreeing
duplicates showed the soils to contain 8.28 M.E. of replaceable Ba per
100 g. The soils now were percolated several weeks with the CaCl2

solution, washed free from water-soluble chlorides and the zeolitic Ca
replaced with a 0.2N solution of barium acetate in 70-percent ethyl alco-
hol. The average amount of replaceable Ca found, after subtracting
proper blanks for the solubility of CaCO3 in the alcoholic solutions used,
was 18.9 M.E. per 100 g. soil, or an increase of approximately 10 M.E.,
due to the calcium carbonate additions and subsequent prolonged leach-
ing with CaCl2.

EXPERIMENT NO. 9. "BREAK-DOWN" OF SOIL ZEOLITES BY WEAK
ACIDS

As previously stated, Gedroiz has called attention to the fact that
leaching soil base-exchange compounds with large volumes of dilute,
weakly-ionized, acid solutions tends to decompose them. It has been
shown in this laboratory (10) that tri-valent salts which hydrolize to
give acid solutions readily inactivate zeolites, while more recent work (2)
has indicated that growing plants cause a measurable "break-down" of
artificially synthesized potassium zeolite, possibly through the active
formation of carbonic acid. All of these results indicate that the hydro-
gen ion plays an important role in this process.

The object of this experiment was to ascertain the percentage decom-
position (or "break-down") of soil zeolites when successively treated
with equal portions of weakly-ionized acids of 0.1M strength. The
"Calcium-zeolite soil" was used throughout in these tests, and the fol-
lowing organic acids were employed:

lonization constant pH of
Acid (primary hydrogen) 0.1M solution

Acetic
Citric ...
Tartaric
Oxalic
Formic
Carbonic

The experiment was arranged in six series, one for each acid. Each
series was composed of five 50-gram portions of the soil placed in per-
colation tubes (except the carbonic-acid series which will be described

0.000018
.00082
.0011
.38
.000214
.0000003

3.0
2.1
2.3
1.4
2.4
4.0 (Sat. sol.)
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later). The first soil of each series was leached once with 500 cc. of the
acid solution: the second was leached twice (fresh acid each time) ; the
third, three times; the fourth, four times, and the fifth, five times. After
the soils had been leached the prescribed number of times, they were wash-
ed free of water-soluble acidity and treated with 0.1N barium acetate so-
lution to displace all of the replaceable calcium and hydrogen remaining
in the leached soils. The Ca and H were then determined in the perco-
lates, the H subsequently being calculated to the Ca equivalent and
added to the replaceable Ca to give total base-exchange capacity in milli-
equivalents Ca per 100 g. soil. These results appear in Table VI and are
shown graphically in figure 6.
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Fig. 6.—"Break-down" of soil zeolites by dilute organic acids.

The carbonic-acid series was arranged as follows: five bottles, each
containing 50 g. of the "calcium zeolite soil" and 500 cc. distilled water,
were connected in a chain by means of rubber tubing and glass tubes
through the stoppers extending to the bottoms of the bottles so that com-
pressed carbon dioxide from a tank could be bubbled through the entire
series simultaneously. When all was ready, carbon dioxide was bubbled
through the soil-water suspensions for 30 minutes, thoroughly shaking
the bottles by hand once every minute. vSolid stoppers were then in-
serted and all of the bottles shaken in the machine for 1 hour after
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TABLE VI.—"BREAK-DOWN" OF SOIL ZEOLITES IN SOIL SUCCES-
SIVELY LEACHED WITH DILUTE ACIDS.*

(Expressed as milli-equivalents.)

Acids

Acetic

Acetic

Acetic

Acetic

Acetic

Citric

Citric

Citric

Citric

Citric

Tartaric

Tartaric

Tartaric

Tartaric

Tartaric

Oxalic

Oxalic

Oxalic

Oxalic

Oxalic

Formic

Formic

Formic

Formic

Formic

Carbonic

Carbonic

Carbonic

Carbonic

Carbonic

Times
leached

1

2

3

4

5

1

2

3

4

5

1

2

3

4

5

1

2

3

4

5

1

2

3

4

5

1

2

3

4

5

Replaceable
Ca in 100 g.

soil after
leaching

5.3

4.0

2.6

1.7

1.1

2.5

2.2

2.0

1.6

0.9

3.5

0.8

0.4

0.4

0.3

6.2

5.S

5.7

5.0

5.0

2.3

0.8

0.5

0.3

0.4

6.3

62

6.0

S.7

5.4

Replaceable
H in 100 g.

soil after
leaching

1.0

2.2

3.5

4.6

5.0

3.0

3.3

3.6

4.0

4.4

2.7

5.0

5.3

5.2

5.3

0.2

0.3

0.4

0.6

0.7

3.6

5.2

5.4

5.4

5.4

0.12

0.16

0.20

0.25

0.32

Base exchange
capacity after
leaching (M.E.
per 100 g. soil)

6.3

"6.2

6.1

6.3

6.1

5.5

5.5

5.6

5.6

5.3

6.2

5.8

5.7

5.6

5.6

6.4

6.1

6.1

5.6

5.7

5.9

6.0

5.9

5.7

5.8

6.42

6.36

6.20

5.95

5.72

Percent less
"break-down"'

3.08

4.62

6.15

3.08

6.15

15.39

15.39

13.85

13.85

18.46

4.62

10.77

12.31

13.85

13.85

1.54

6.15

6.15

13.85

12.31

9.23

7.70

9.23

12.31

10.77

1.23

2.15

4.62

8.46

12.00

*The base-exchange capacity of this soil before leaching was 6.5 M.E. per 100 g.
soil.
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which they were filtered on small Buchner funnels with suction and No.
1 dried and saved. The other four soils then were returned to their re-
spective bottles, 500 cc. water added to each, and carbon dioxide bubbled
through them as before. The four were then shaken, filtered, and No. 2
dried and saved. This was continued with the result that No. 1 received
one carbon-dioxide treatment; No. 2 received two treatments; No. 3,
three treatments; No. 4, four treatments; and No. 5, five treatments.
The five soils were then dried at room temperatures, passed through a
1-mm. sieve, placed in percolation tubes, and replaceable Ca and H de-
termined as in the other five acid series. These results also appear in
Table VI and are shown graphically in figure 6.

As the "calcium-zeolite soil" carried 6.5 M.E. of replaceable bases be-
fore, the various acid treatments were given, the percentage "break-
down" in all cases can be calculated and appears in the last column of
Table VI. It varies from 1.23 percent following one extraction with
carbonic acid to 18.46 percent following five extractions with citric
acid. In all cases a slight progressive decomposition of the soil zeolites
is shown as the number of teachings is increased. The teachings from
the first acid treatments were analyzed for aluminum and, in certain
cases, for iron. The citric acid dissolved the most iron, followed by
oxalic and formic. Traces were dissolved by tartaric and acetic and
none by carbonic acid. There was a general correlation noted between
the amounts of aluminum removed by the acids and zeolite "break-
down," the citric acid dissolving the most and causing the largest "break-
down" while the carbonic acid dissolved the least and effected the small-
est decomposition of zeolite. An excess of aluminum was removed in
most cases, indicating that alumina or certain of the more easily decom-
posable aluminum silicates of the soil as well as the zeolites were being
attacked by the acids. No correlation is shown between "break-down"
and the degree of ionization of the several acids employed. The results
of the oxalic-acid treatments do not correctly depict conditions, at least
in so far as the amounts of calcium removed are concerned, due to a
considerable amount of calcium precipitation where this acid was used.

The results here given are interesting in the light of certain unpub-
lished work of this laboratory. Magistad has found that the citrates and
oxalates of Fe (trivalent) and Al are readily soluble and, in the pres-
ence of other bases, may form double salts. When a synthetic sodium
zeolite, for example, is treated with oxalic acid a double oxalate,
Na3Al(Ox)3 , appears to be formed in small amounts together with the
hydrogen zeolite. The Al in this case must come from t!he disrupted
zeolite nucleus. Similarly, when a soil is treated with either citric or
oxalic acids, double salts of Al and Fe (trivalent) and the dissolved bases
present, often result upon evaporation. Such crystalline materials have
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been isolated in this way and analyzed by Magistad. On the other hand,
the hydrogen-ion concentration of carbonic acid may be too low to dis-
rupt the zeolite nucleus with evolution of soluble Al or Fe (trivalent),
or the reason may be found in the fact that the CO3 radicle has little
dissolving effect upon these elements, as the carbonates and bicarbonates
are not readily formed.

EXPERIMENT NO. 10. THE "BREAK-DOWN" OF A SYNTHETIC
CALCIUM ZEOLITE WHEN vSUSPENDED IN CARBONATED WATER

In a 10-liter hard-glass bottle containing 8 liters of distilled water
were suspended five paper fat-extraction thimbles (S. and S. No. 603)
each containing exactly 1 gram of the synthetic calcium zeolite. The
thimbles were prepared as follows: 1 gram of the zeolite, which carried
4 M.E. of replaceable Ca, was placed in the bottom of each thimble. This
was covered with 2 cm. of tightly-packed glass wool and the thimbles
filled to within 1.5 cm. of the top with clean glass beads to sink them in
the water. Paraffined stoppers were then inserted tightly and the thim-
bles encased in muslin bags to the tops of which strings were attached.
These were suspended in the bottle of water and carbon dioxide bubbled
through the water 1 hour each day from a tank of the compressed gas.
This was done almost every day, except Sundays and holidays, for a
period of 8 months, the water in the bottle being changed when a
concentration of about 7 mg. Ca per liter was shown (once every 4 to 6
weeks). At the end of the leaching period four of the thimbles were
removed from the carbonated water, the zeolites dried in the thimbles at
room temperatures, and one pair leached several times with 0.5'N barium
acetate to replace exchangeable Ca and H and the other pair leached with
0.2N barium acetate in 70-percent ethyl alcohol to effect a similar re-
placement. The barium acetate in alcohol was- used as a check, for it
was thought that a slight "huild-up" might take place where the aqueous
solution of barium acetate was employed, otherwise all of the results
should be the same. Averages of the closely-agreeing duplicate deter-
minations for replaceable Ca and II, expressed as milliequivalents, were
as follows:

Replaceable Replaceable Total Percent
calcium hydrogen rep. base "break-down"

BaAc (water) 0.55 0.85 1.4 65
BaAc (alcohol) 0.60 0.90 1.5 63

From these data, it is evident that soaking for a period of 8 months in
a large volume of carbonated water has decomposed the synthetic calcium
zeolite to the extent of over 60 percent.



"BUILD-UP" AND "BREAK-DOWN" OF SOIL ZEOLITES 125

EXPERIMENT NO. 11. THE "BREAK-DOWN" OF A SYNTHETIC CAL-
CIUM ZEOLITE WHEN CONTINUOUSLY LEACHED WITH CAR-

BONATED WATER.. WITH SUBSEQUENT "BUILD-UP"

In this experiment, 1-gram portions of the same synthetic calcium
zeolite, instead of being soaked in the saturated carbon-dioxide solution
as in the last experiment, were continuously leached with it. The ex-
periment was arranged as shown by figure 1, except that 1-liter flasks
were used, and the percolation tubes were filled by first packing about
2 cm. of glass wool in the bottoms, then the 1-gram portions of zeolite
mixed with several grams of fine, washed, silica sand, then another layer
of glass wool, finally surmounted by several cm. of clean glass beads to
prevent movement of the contents. Four of these tubes were prepared
and 26 liters of a saturated aqueous solution of carbon dioxide percolated
through each. The Ca content of each liter of percolate was determined.
The sum of all percolates showed that between 65 and 70 mg. of Ca had
been removed from each tube.

After the above treatment, each of two tubes was leached with 250 cc.
of 0.05N HCl to replace any remaining Ca, and the other two each were
leached successively with six 250-cc. portions of 0.1N CaCl2 to replace
the absorbed hydrogen. An average of 10.0 mg. replaceable Ca were
found in the acid percolates, and 0.68 mg. II was the average replaced
by the CaCl2 treatments. The total base-exchange capacity of 1 g. of
this zeolite, after treating it with 26 liters of carbonated water, was thus
1.18 M.E. which indicates approximately a 70-percent "break-down."

The two tubes which had been percolated with the CaCl2 solutions
were then percolated with six 100-cc. portions of a mixed solution (10 cc.
0.1N NaOH plus 90 cc. 0.1N CaCl2, filtered before use), and then with
0.1N CaCl2 until neutral, and finally with water until free from chlorides.
The exchangeable Ca was then replaced with 0.1N BaCl2 and determined.
It was found to amount to 2.2 M.E. Ca, or an apparent "build-up" of
1.02 M.E. replaceable base due to the alkaline-salt treatment. Thus, in
this experiment we have reduced the total exchange capacity of the cal-
cium zeolite to approximately 30 percent of what it was originally and
then built it back to over 50 percent. Prolonged treatments in both di-
rections would doubtless have given still more striking differences. In
fact, it might be possible to decompose a zeolite completely and then
build it back to its original base-exchange capacity, but the time, involved
would be great, as the present experiment required over 2 months and
the amounts of Ca finally coming through amounted to but a small frac-
tion of a milligram per liter. The "build-up" process after the first few
treatments also was correspondingly slow.
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EXPERIMENT NO. 12. THE PARTIAL INACTIVATION AND SUBSE-
QUENT "BUILD-UP" OF A CALCIUM-ZEOLITE SOIL

The object of this experiment was partially to break down the zeolites
present in a soil and then to build the base-exchange capacity back to its
former level.

Two 500-gram portions of the "calcium zeolite soil" were placed in
large glass percolators. One was leached with 2,500 cc. 0.1M citric
acid and the other with the same amount of 0.1 M formic acid, and both
subsequently washed free from water soluble acidity. The soils were
then dried at room temperatures and passed through a 1-mm. sieve.
Two similar series of experiments were now set up, using the two acid-
treated soils. Seven 50-g. portions of each soil were shaken 1 hour each
day for 3 days with 250 cc. of solution containing the amounts of
0.1N N a G H and 0.1N NaCl shown in columns 2 and 3 of Table V I I .
After shaking, p H determinations were made on the suspensions. These
appear in columns 4 and 5 of Table V I I . The suspensions were then
filtered on small Buchner funnels with suction, the soils washed several
times with water and three times with a 0.1N CaCl2 solution, air dried,
passed through a 1-mm. sieve and placed in glass percolation tubes (Fig.
1) . To be sure that all of the sodium zeolites in the soils had been con-
verted into the calcium derivatives, the soils in the tubes again were
leached with 250 cc. 0.1N CaCl2, after which all were washed free from
water-soluble chlorides. Each tube was then percolated with 500 cc.
0.1N BaCl2 to replace the calcium, and the latter determined in the usual
way. Averages of the closely-agreeing duplicate determinations appear
in the last four columns of Table V I I and are presented graphically in
figure 7.

Possibly the graphs show more clearly the lessons to be gained from
this experiment. The base-exchange capacity of this soil before the acid
treatments was 6.5 M.E. per 100 g. The original acid percolations re-
duced this by approximately 1.5 M.E. The alkaline salt treatments then
gradually built up the exchange capacity to about 8.5 M.E. as the alka-
linities were increased to p H 10, thus increasing it by 2 M.E. over the
original capacity of the soil. Prolonged treatments in both directions
doubtless would !have enhanced these differences. I t thus appears possi-
ble to decrease or to increase the base-exchange capacity of a soil almost
at will by merely altering the reaction, and there is every reason to believe
that these phenomena are continually taking place in nature, where soils
are constantly leached with carbonated waters, where lime and other soil
amendments are applied, or where high degrees of alkalinity are en-
countered, as in the alkali soils of arid regions.
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TABLE VII.—THE "BUILD-UP" OF PARTIALLY INACTIVATED SOILS
BY MEANS OF ALKALINE SALT SOLUTION.
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Fig. 7.—The "break-down" and subsequent "build-up" of soil zeolites by acid and
alkaline treatments.
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DISCUSSION

At the outset of this discussion it should be emphasized that the process
of active zeolite "build-up" in soils probably is confined very largely to
arid and semi-arid regions where the soils are usually calcareous in na-
ture and where soluble salt (alkali) accumulations are the rule rather
than the exception. Under these conditions of intermittent wetting and
drying and high alkalinity, ideal conditions often exist for "build-up,"
which doubtless accounts for the unsually high base-exchange capacity
of many of the heavier soil types encountered in regions of low rainfall.
On the other hand, the "break-down" or disintegration of soil zeolites,
requiring as it does an acid reaction, doubtless occurs largely in the
humid areas where leaching is at a maximum and where acid-soil condi-
tions normally prevail.

The experimental work which has been presented in this bulletin shows
that both synthetic zeolites and the base-exchange complex of soils can
be quantitatively altered in exchange capacity. It has been found possi-
ble to build up or increase this capacity in normal arable soils, in artifici-
ally inactivated soils, in extremely acid soils of low base-exchange ca-
pacity, and in "artificially-killed" synthetic zeolites, by simply treating
them in various ways with alkalis or alkaline salt solutions, and that
"build-up" is closely proportional to the alkalinity of the solutions em-
ployed. We also have succeeded in breaking down, or rendering inac-
tive, both soil zeolites and the synthetic compounds by successively treat-
ing them with 0.1M acetic, citric, tartaric, oxalic, formic, or carbonic
acids. The percentage "break-down" was not always proportional to the
pH (ionization) of the acid or to its valence (mono-, di- or tri-basic), al-
though the greatest inactivation occurred w'here citric acid was used and
the least with carbonic acid. No definite correlation existed between
"break-down" and the amounts of aluminum dissolved, although usually
those acids causing the most "break-down" also dissolved the larger
amounts of aluminum. Synthetic zeolites suspended for long periods
(8 months) in carbonated water lost less base-exchange capacity than
did those directly leached (percolated) with a similar solution. Soils
partially inactivated by leaching with weak acids subsequently could be
built up to a higher base-exchange capacity than they originally possessed.

The essential condition for "build-up" appears to be an alkaline reac-
tion for, as stated above, the amounts of "build-up" appear to be closely
proportional to increases in the hydroxyl-ion concentrations of the solu-
tions employed. This is shown especially well in the first four experi-
ments. While a very slight "build-up" may be shown at pH 7, none ap-
pears where acid salt solutions are used. The earlier stages of "build-
up" may constitute a replacement of absorbed hydrogen from hydrogen
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zeolite often present in small amounts in zeolitic residues and from the
hydrated silicic acids of the soil which are soluble in alkaline solutions.
This brings us to the statement that there is the possibility of four kinds
or methods of zeolitic "build-up" in soils when they are treated either
naturally or artificially with alkaline solutions: First, the neutralization
of the so-called "hydrolytic acidity" in soils which the European investi-
gators consider to be the replaceable hydrogen ions of the base-exchange
complex which can only be replaced by a strong base, such as Ba(OH)2 ,
or by a basic salt, and which will not be replaced in their entirety by
neutral salt solutions. Barium acetate has recently been proposed by
Parker* as a replacing agent for the absorbed hydrogen of acid soils.
This author shows a decided "build-up" in exchange capacity where soils
are treated repeatedly with barium-hydroxide solutions. Second, an
activation, or bond rearrangement, of zeolitic residues (active zeolites
which liave been broken down, either by natural causes or artificially)
during the course of which the double-bonded oxygen of the residue is
thought to react with the elements of water in the alkaline solution to
form two exchangeable hydrogens which are immediately replaced by
the base of the alkaline solution to form a zeolite similar to that shown
in figure 2. Third, the formation of new zeolites in soils by the chemical
union of sodium (or potassium) silicates and sodium (or potassium)
aluminate which previously have been dissolved from the more readily
soluble aluminum silicates of the soil by soil solutions of high alkalinity.
Fourth, the union of very finely-divided colloidal particles of alumina
and silica in neutral or alkaline soil solutions to form basic zeolites.
These four processes may be represented symbolically by equations.

(1) Hydrolytic acidity (HZ) + Ba(OH) 2 -> BaZ + H2O.
(2) R = SiO + HoO -> R — Si ( O H ) , + NaOH -> R = Si(ONa)2

+ H2O.
(3) 4NaAl(OH )4 + 6Na4SiO4 + 4H2O -> NaZ + 24 NaOH.f
(4) A12O3 (colloidal) + 3SiO. (colloidal) + NaOH + H2O -* NaZ

+ H2O.

Let us discuss briefly these four possible modes of zeolite "build-up".
The term "saturated soil" was first used by Ramann to indicate a soil
whose base-exchange capacity was entirely satisfied or filled with metallic
ions (other than hydrogen). Gedroiz uses the term to indicate a neutral
soil, i.e., one that gives a neutral suspension in water (pH 7), which
does not require lime, and does not give an acid extract when treated
with a neutral salt solution. Now Bradfield has shown that colloidal
clay is by nature a slightly-soluble, weakly-ionized acid and, when titrated

* Personal communication. To be published in Jour. Am. Soc. Agron.
tSee (4) p. 388.
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with an alkali, is not completely "neutralized" or "saturated" at pH 7,
but must be carried up to at least pH 10 before all of the exchangeable
hydrogen has been replaced. This, of course, cannot be accomplished
by the use of neutral salts but it can be effected with alkalis or with
salts which hydrolyze to give alkaline solutions. The term, "hydrolytic
acidity" of soils, as used by Kappen and quoted by Page (14) represents
that fraction of the replaceable hydrogen which is liberated by alkalis
or alkaline salt solutions such as sodium acetate, but not by neutral salts
such as sodium chloride. Sodium acetate, due to progressive hydrolysis
in aqueous solutions, involves alkalinity with an excess of hydroxyl
ions. In this case we are in reality treating the soil with a weak solu-
tion of a basic hydroxide rather than with a neutral salt, and we should
expect the hydrogen ions to be entirely replaced with basic cations, since
the hydrogen should be removed and combine with the hydroxyl ions,
and the equilibrium being thus continually disturbed by the removal of
the replaced hydrogen, the process should go practically to completion.
The question thus arises as to whether so-called "build-up" is simply a
replacement of absorbed hydrogen at increased alkalinities or whether
the exchange capacity actually is enhanced, i.e., whether "new"
zeolite is formed. Others have observed this phenomenon and
often have attributed the enhanced exchange capacity to the neutrali-
zation of "hydrolytic acidity." For instance, Prianischnikov and
Golubev (15) cite unpublished work of Lambin who determined
the amounts of exchangeable bases in a soil, using BaCl2 solu-
tions of increasing pH. At pH 5 he secured a total replace-
ment which he designated as 100; at pH 6 he obtained 108.1; at pH
7, 112.1; at pH 7.5, 116.2, and at pH 8.2, 126.8. A gradual increase was
secured up to pH 11. The original pH of the soil used was not given.
That zeolites may be built up from their constituents in alkaline solutions
does not appear to have been considered. Certain hydrogen ions may
require a higher pH for displacement, but the possibility of a contempor-
aneous "build-up" of new zeolite cannot be denied. The time element
also is an important factor. Replacement is usually an instantaneous,
or at least a rapid, process while "build-up" may go on slowly and pro-
gressively as the alkaline treatments are continued.

It is comparatively easy to displace all but traces of replaceable hydro-
gen with salts such as sodium acetate or barium acetate, but where "build-
up" with alkaline solutions is slight, it is almost impossible to be positive
that "new" base-exchange complex is actually formed. The only way
to prove this point is to show that "build-up" actually takes place over
and above any replacement which might be accounted for by the pres-
ence of exchangeable hydrogen, but here replacement of hydrogen and
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"build-up" of zeolite might readily go hand in hand, as alkaline solutions
must be used in both cases. In calcareous soils, little if any replaceable
hydrogen can exist and, if it can be shown that such soils after treat-
ment with alkaline solutions enjoy enhanced exchange capacities, it
would appear evident that some, "build-up" of "new" zeolite had been
effected. The old University Farm soil as brought from the field had
an exchange capacity of 8.6 M.E. per 100 g. After having been treated
with just sufficient HCl to remove all CaCO3 and then with CaCl2 to
transform all zeolites to the calcium derivative ("Calcium-zeolite soil"),
its exchange capacity was 6.5 M.E. per 100 g. Whether the 21 M.E.
difference represented hydrogen which had not been replaced by pro-
longed CaCl2 treatment or whether some zeolite had actually been dis-
solved and removed by the acid is not known. However, in Experiment
No. 5 wrhere this "calcium-zeolite soil" was treated with N NaOH, the
exchange capacity was raised to 11.7 M.E. per 100 g. soil, which repre-
sents an increase of 3.1 M.E. over the original calcareous soil or an in-
crease of 5.2 M.E. over the same soil after the HCl and CaCl2 treat-
ments. It thus apears that an actual synthesis of "new" zeolite here has
resulted from the alkali treatment. Furthermore, if this same calcareous
soil as taken from the field is either treated repeatedly with a neutral salt
solution or, better, with an alkaline solution, a measurable increase in
absorbed bases capable of subsequent replacement also results.

The exact mechanism of the chemical reactions taking place during the
disintegration or destruction of the zeolite nucleus, and in its subsequent
reconstruction or "build-up," is unknown. An acid reaction appears es-
sential to the "break-down" process. It is thus highly probable that the
somewhat unstable hydrogen zeolite occurs as an intermediate product,
but whether the alumina remains united to the silica or whether the two
actually separate as free alumina and silica when the base-exchange
property is lost, remains to be proved. If the alumina remains united
to the silica, the most plausible explanation of inactivation would be a
shifting* of bonds with the formation of water from the hydrogen zeolite,
leaving a double-bonded oxygen similar to that of an anhydride or a
ketone:

R = Si )^X R = Si = O + H,O

Upon activation, the double bond first splits, water is added (H and OH)
to form the hydrogen zeolite, and the hydrogens are instantly replaced by
the base of the alkaline salt solution used. Certain experiments in our
laboratories have indicated that free water actually is split off when the
zeolite molecule loses its base-exchange property. Work on this problem
is being continued.
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While an acid reaction is essential to the "break-down" process, the
presence of a trivalent ion, as Al or Fe, greatly increases the speed of
the reaction, as has been stated above. The part played by these ions of
high valence is not thoroughly understood. It was at first thought that
they might act as catalyzers, but Magistad (10) has shown that the
amount of "break-down'' appears to be closely proportional to the
amount of soluble aluminum or ferric iron present and, where only mod-
erate quantities are used, all of the base-exchange capacity may not be
lost. If this were not true, the zeolites of very acid Eastern soils which
carry small amounts of aluminum ion in their soil solutions would in
time be entirely destroyed. This, however, does not appear to be the
case. From these facts, it is doubtful whether the process is a true
catalysis.

If, after effecting the "break-down" of a soil or a synthetic zeolite as
above described, the residue is treated with any salt solution which hy-
drolyzes even slightly to give an alkaline reaction (or better, with the
solution of an alkali), the amount of "build-up" is approximately propor-
tional to the alkalinity. It may be the reverse of the "break-down" re-
action although this does not necessarily follow. We do know that the
amount of "build-up" is proportional to the quantity of titrateable acidity
formed, but where these hydrogen ions come from, whether from free
silicic acid in the residue or from the hydrogen zeolite possibly formed
as a transitory step in the. "build-up" process, remains to be ascertained.

Little further remains to be said concerning the formation within
soils of "new" zeolites by the chemical union of sodium silicates and
sodium aluminate. This subject has been extensively studied in our
laboratories during the past several years (4) (5) (13). That zeolites
may be formed in arid and semi-arid soils by this means, cannot be
doubted.

The union, in soil solutions, of silicic acid and alumina as oppositely-
charged colloidal particles to form zeolitic complexes capable of base-
exchange has been discussed at length by Gedroiz (7) and, while we
have done no experimental work on this phase of the problem, it cer-
tainly offers a possible means of zeolite "build-up" within soils.

The argument has been advanced by certain investigators that the
"new" base-exchange complex, synthesized within soils either naturally or
artificially by alkaline salt solutions or otherwise, is not the same as the
"old" zeolite—that it differs enormously both chemically and physically.
That such difference may exist is not denied but, so far as the writer is
aware, no "old" amorphous zeolite has ever been isolated from the clay
fraction of soils of sufficient purity to study intelligently such properties
as solubility, decomposibility, degree of ionization, crystal or lattice
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structure,* etc., and compare such results with similar data secured
from a study of the pure synthesized products carrying like bases in the
exchange position. A most important point of similarity, however, does
exist between both the "old" and the "new" zeolites, i.e., the property
of base-exchange in high degree, and this property is the dominant dif-
ferentiating factor which, to the soils investigator, separates the base-
exchange complex from all of the other aluminum silicates found in
soils.f That certain bases and radicles are more readily replaced from
zeolites than others is well known, but whether the energies of replace-
ment are identical with both the "old" and the "new" zeolites is not
known. Great differences, however, appear doubtful.

There is much disagreement at present as to the exchange valence of
the complex base-exchange anion. No conclusive data have been pre-
sented using the natural soil compounds, but from studies of the syn-
thesized products and from the crystalline zeolites, a valence of either
2 or 4 appears the most probable. As there is no such thing as a re-
placeable trivalent base (10) (Al, trivalent Fe, or Cr), an exchange
valence of 3, 6, or 9 seems questionable.

SUMMARY

This bulletin presents certain data which have been secured during
the past 2 years on the disintegration and "build-up" of those hydrated
aluminum silicates which possess the property of base-exchange and
which, for want of a better term, we call zeolites. Natural soil zeolites
as well as synthetic zeolites have been used in these studies. A review
of the more important literature bearing upon the subject has been made.
In the light of the data submitted, the following conclusions appear to
be warranted.

1. It is possible to increase the base-exchange capacity of many
arable soils by treating them with alkaline salt solutions or with alkalis.
The increase in exchange capacity is closely proportional to the alkalinity
(OH-ion concentration) of the solution used. The cation has a minor
effect.

2. It is possible to restore the base-exchange capacity of soils or
artificial zeolites which previously have been inactivated by acid treat-
ments, by percolating with alkaline solutions.

*A series of X-ray, diffraction-pattern photographs was recently made of certain
of our artificial zeolites by Dr. W. Soller of the Physics Department of the Uni-
versity of Arizona. No definite crystalline structure was indicated on any of the
test films.

fit is realized that many of the soil minerals, when very finely ground, show
base-exchange in a limited way but we are not here interested in a discussion of this
problem [See "Base Exchange in Orthoclase," by Breazeale and Magistad, Tech.
Bui. No. 24. (1928), Ariz. Exp. Sta.]
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3. It is possible partially to break clown the zeolitic complex of soils
by leaching them with relatively large amounts of dilute organic-acid
solutions (including carbonic). In the experiments performed, this
"break-down" varied from 1.2 percent to 18.4 percent depending upon
the acid used. It was lowest with carbonic acid (saturated solution)
and highest with 0.1M citric acid. Appreciable amounts of hydrogen
zeolite also were formed in ail cases. The amounts of alumina found in
the filtrates from the acid treatments were somewhat proportional to
the "break-down" effected, although an excess ordinarily was removed.
The "break-down" was much more rapid and complete if solutions of
AlClg or A1 2 (SO 4 ) 3 were used.

4. It is possible partially to break down a synthetic calcium zeolite by
either soaking it in, or percolating it with, carbonated water. A complete
"break-down" would probably result if the treatments were long con-
tinued.

5. It is possible partially to break down a calcium-zeolite soil with
dilute organic acids and subsequently build it up with alkaline salt solu-
tions to an exchange capacity in excess of that originally present.

6. Possible explanations of "build-up" and "break-down" in soil
zeolites are offered.

From a study of the conditions necessary for these processes, it seems
probable that active "build-up" of soil zeolites takes place largely in the
calcareous soils of arid and semi-arid regions where alkaline soil solu-
tions prevail, and that the disintegration or "break-down" process is
more common in the more or less acid soils of humid regions.

From the work reported in this bulletin, it appears possible to alter
quantitatively the zeolitic fraction of soils. It also suggests that the
base-exchange complex may not be as fixed and immutable as many
soils investigators have heretofore assumed.
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